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ABSTRACT: Hydrogels are conductive and stretchable, allowing for their use in flexible electronic devices, such as electronic skins,
sensors, human motion monitoring, brain−computer interface, and so on. Herein, we synthesized the copolymers having various
molar ratios of 3,4-ethylenedioxythiophene (EDOT) to thiophene (Th), which served as conductive additives. With doping
engineering and incorporation with P(EDOT-co-Th) copolymers, hydrogels have presented excellent physical/chemical/electrical
properties. It was found that the mechanical strength, adhesion ability, and conductivity of hydrogels were highly dependent on the
molar ratio of EDOT to Th of the copolymers. The more the EDOT, the stronger the tensile strength and the greater the
conductivity, but the lower the elongation break tends to be. By comprehensively evaluating the physical/chemical/electrical
properties and cost of material use, the hydrogel incorporated with a 7:3 molar ratio P(EDOT-co-Th) copolymer was an optimal
formulation for soft electronic devices.

■ INTRODUCTION
Conductive hydrogels are important materials for the
fabrication of flexible and wearable electric sensors because
of their outstanding designability, good biocompatibility, high
stretchability, excellent electrical conductivity, strong adhesion,
and so on.1−10 These well-designed conductive hydrogels have
been extensively used in the field of electronic skins,11−13

wearable devices,14−16 flexible sensors,17−19 human motion
monitoring,20,21 and brain−computer interface.22

Conductive hydrogels are conductive owing to the
incorporation of conductive additives. Conductive additives,
for example, carbon nanotubes23−25 and graphite deriva-
tives,26,27 were added to the mixture to increase the
conductivity of the hydrogels. However, the transmission
ability of composite hydrogels remarkably decreased with
adding the abovementioned conductive additives.28 On the
contrary, conductive polymers have gained wide attention due
to their adjustable mechanical properties, high conductivity,
biocompatibility, and ease of preparation.29−32 Conductive
polymers, such as polythiophene (PTh), polyaniline (PANI),
polypyrrole (PPy), and poly(p-phenylene vinylene) (PPV)
have been reported.33−43 Among these conductive polymers,

PTh shows a number of interesting luminescent, electro-
chromic, electrochemical, and shielding properties, which offer
a basis for various new technologies.44−46 However, the lower
electrical stability of PTh during charge/discharge cycles
restricted its practical applications.47 Poly(3,4-ethylenediox-
ythiophene) (PEDOT) is a kind of thiophene-containing
conductive polymer that has excellent electrical, chemical, and
environmental stability.48−50 Recently, several research works
had integrated PEDOT with graphene oxide to develop high-
performance electronic devices;51,52 nevertheless, they are
relatively more expensive than the conventional conductive
polymers, such as PTh. In this work, we aim to obtain cost-
effective conductive polymers by fine-tuning the molar ratio of
EDOT to Th to development of a novel hydrogel strain sensor.
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Herein, we optimize and develop new conductive hydrogels
through adding the different types of P(EDOT-co-Th)
copolymers (the molar ratios of EDOT/Th were 9:1, 7:3,
5:5, 3:7, and 1:9) to the acrylamide-poly(ethylene glycol)-
based hydrogel (control hydrogel). We found that the
mechanical, adhesion, and electrical properties of conductive
hydrogels were highly dependent on the amount of EDOT of
the copolymers. The higher the molar ratio of EDOT to Th,
the stronger the tensile strength and the greater conductivity,
but the lower the elongation break tends to be. From the
Fourier transform infrared spectra, scanning electron micros-
copy (SEM) images, tensile stress−strain curves, shear strength
tests, Nyquist impedance spectra, as well as the cost
considerations, the hydrogel incorporated with a 7:3 molar
ratio P(EDOT-co-Th) copolymer has an optimal mechanical
strength, elongation break, adhesion, and electrical perform-
ance that might be suitable for electronic skin application.

■ RESULTS AND DISCUSSION
Analysis of P(EDOT-co-Th) Copolymers. In this study,

the P(EDOT-co-Th) copolymers were synthesized through
chemical oxidation polymerization according to the literature
procedures.53,54 The various molar ratios of the EDOT and Th
monomers were utilized to prepare a series of P(EDOT-co-Th)
copolymers (the different feed ratios of EDOT/Th monomers
were 9:1, 7:3, 5:5, 3:7, and 1:9, as shown in Table 1). We used

Fourier transform infrared spectroscopy (FT-IR), thermogravi-
metric analysis (TGA), dynamic light scattering (DLS) and
contact angle measurement techniques to investigate the
properties of P(EDOT-co-Th) copolymers. The FT-IR spectra

are shown in Figure S1; all of the P(EDOT-co-Th) copolymers
displayed the absorption bands in the range of 690 to 900
cm−1 (C�S stretching vibrations) and 1131 cm−1 (C−O−
C).54−57 The absorption bands at 1200, 1332, and 1517 cm−1

can be assigned to the stretching of the thiophene moiety.55−57

In order to understand the decomposition characteristics of the
P(EDOT-co-Th) copolymers, TGA was used to determine a
polymer’s thermal stability.58 As presented in Table 1 and
Figure S2, it was observed that when the molar ratio of EDOT
increased, higher decomposition temperature was detected.
Moreover, DLS was used to analyze the size distribution of
P(EDOT-co-Th) copolymers in aqueous solution.57 In Table 1
and Figure S3, we found that the copolymer of P(EDOT-co-
Th) (9:1) showed the largest particle size with the diameter of
429.3 ± 15.5 nm, probably due to the strong solvation effect
between EDOT and water.53,54 The morphologies of P-
(EDOT-co-Th) copolymers were also measured by SEM, and
it was found that the particle sizes were nearly the same as
those of their DLS results (Figure S4). We then conducted the
contact angle measurement to evaluate hydrophobicity of
P(EDOT-co-Th) copolymers, the contact angles were all less
than 30°, indicating that they could be suitable for applying to
artificial electronic skin (Figure S5).
Preparation of Hydrogels. After we obtained the

P(EDOT-co-Th) copolymers, we subsequently prepared a
series of conductive hydrogels by adding these copolymers.
Furthermore, inspired by click chemistry methods, such as
imine, hydrazone, and oxime carbonyl-condensations, we
intend to add the dialdehyde-functionalized poly(ethylene
glycol) (DF-PEG) to the composition in order to gain good
adhesion between the hydrogels and the skin tissue.59,60 Figure
1 reveals the preparation of conductive hydrogels; the mixtures
of acrylamide (AAm), N,N′-methylenebisacrylamide (MBAA),
DF-PEG, P(EDOT-co-Th) copolymers, and potassium persul-
fate (KPS) were stirred and then heated to 70 °C to form
stable hydrogels. The optical images of hydrogels are shown in
Figure 2. The conductive hydrogels were black (Figure 2b−f);
however, the control hydrogel, in the absence of a P(EDOT-
co-Th) copolymer, was white (Figure 2a). The color
differences between conductive and control hydrogels can be

Table 1. Physical Properties of the P(EDOT-co-Th)
Copolymers with Different Molar Ratios of Monomers

EDOT/Th Td (°C) particle size (nm)

1 9:1 247.8 429.3 ± 15.5
2 7:3 224.9 330.7 ± 10.4
3 5:5 224.7 319.0 ± 8.7
4 3:7 171.2 306.3 ± 13.5
5 1:9 167.5 216.5 ± 19.5

Figure 1. Preparation process of conductive hydrogels. [AAm: acrylamide, MBAA: N,N′-methylenebisacrylamide, DF-PEG: dialdehyde-
functionalized poly(ethylene glycol); PAAm: AAm polymers cross-linked by MBAA; P(EDOT-co-Th) copolymers, with molar ratios of 9:1, 7:3,
5:5, 3:7, and 1:9; KPS: potassium persulfate].
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attributed to the dark blue compound of the P(EDOT-co-Th)
copolymer.
Characterization of Hydrogels. We further investigate

the intermolecular interactions of hydrogels incorporated with
different kinds of the P(EDOT-co-Th) copolymers by the FT-
IR method (Figure 3). In the case of the P(EDOT-co-Th)

copolymer, with the molar ratio of 1:9, the absorption
frequencies at 3207 and 3415 cm−1 can be associated to the
N−H stretching vibrations of NH2 group of amide.61 With
increasing the molar ratio of EDOT, for example, the
P(EDOT-co-Th) copolymer in the molar ratio of 9:1, the
NH2 stretching bands appear at the lower frequencies (3185
and 3361 cm−1), indicating the formation of hydrogen bonds
between molecules.62,63 Furthermore, the bands assigned to

the C�O and C�C modes were also shifted to lower
wavenumbers in comparison with the P(EDOT-co-Th)
copolymer with a molar ratio of 1:9. These observations
suggest that the oxygen atoms on EDOT may provide
additional intermolecular interactions and thus indicate that
the better mechanical performance may be achieved through
increasing the molar ratio of EDOT to Th.
Microstructures of Hydrogels. Since SEM images offer a

variety of morphological and structural information for the
characterization of the nanomaterials, it is beneficial to
understanding the microstructures of hydrogels incorporated
with the P(EDOT-co-Th) copolymers.64,65 As shown in Figure
4a, the nanoparticles with a diameter around 450 nm can be
observed in the sample of hydrogel with a 9:1 molar ratio of
P(EDOT-co-Th) copolymer, which is consistent with the
observation of DLS studies (Table1). Meanwhile, SEM images
show these particles’ tendency to form agglomerates to obtain
the continuous and multilayer structures. When reducing the
molar ratio of EDOT to Th, the surface connection was
decreased, which may be owing to the result of the weaker
intermolecular interactions in hydrogel systems.
Mechanical Properties of Hydrogels. In order to

evaluate the mechanical properties of hydrogels incorporated
with different types of the P(EDOT-co-Th) copolymers, the
stress−strain experiments were carried out using a tensile
tester.66 Figure 5 shows the tensile stress−strain curves of
samples, and the measured tensile strengths and elongation
breaks were found to be dependent on the composition of the
P(EDOT-co-Th) copolymers. The tensile strength and
elongation break of control hydrogel (in the absence of the
P(EDOT-co-Th) copolymers) were 32.9 kPa and 60%,
respectively. The values of the tensile strengths decreased

Figure 2. Optical images of hydrogels (a) in the absence of P(EDOT-co-Th), (b) with P(EDOT-co-Th) (9:1), (c) with P(EDOT-co-Th) (7:3), (d)
with P(EDOT-co-Th) (5:5), (e) with P(EDOT-co-Th) (3:7), and (f) with P(EDOT-co-Th) (1:9).

Figure 3. FT-IR spectra of hydrogels with P(EDOT-co-Th)
copolymers, with the molar ratios of 9:1 (red), 7:3 (blue), 5:5
(olive), 3:7 (orange), and 1:9 (magenta).

Figure 4. SEM images of hydrogels incorporated with the P(EDOT-co-Th) copolymers, with the molar ratios of (a) 9:1, (b) 7:3, (c) 5:5, (d) 3:7,
and (e) 1:9. Scale bar: 1 μm.
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with incorporation of the P(EDOT-co-Th) copolymers in
hydrogels, but the values of the elongation at break displayed
an opposite trend. We then explore the impact of the molar
ratio of EDOT to Th in copolymers on mechanical
performances; the tensile strengths were 18.7, 12.1, 8.3, 6.9,
and 5.6 kPa, in which the molar ratios were 9:1, 7:3, 5:5, 3:7,
and 1:9, respectively. The elongation breaks were 406, 705,
771, 824, and 869%, respectively. Moreover, the rheological
characterization of hydrogels containing the P(EDOT-co-Th)
copolymers was performed. As shown in Figure S6, all
hydrogels displayed higher storage moduli (G′) than loss
moduli (G″) and the dynamic moduli were almost
independent of angular frequency (0.1−100 rad/s), confirming
the typical gel formation.67 The G′ values of hydrogels
containing the P(EDOT-co-Th) copolymers were found to be
5.27, 3.35, 0.39, 0.29, and 0.26 kPa for the molar ratios of 9:1,
7:3, 5:5, 3:7, and 1:9, respectively. It can be concluded from
the results of the mechanical experiment of the P(EDOT-co-
Th) copolymer-containing hydrogels that the higher the molar
ratio of EDOT to Th, the stronger the tensile strength and the
lower the elongation break tends to be. Swelling tests were
carried out to determine the swelling ratio for evaluating the
density of the hydrogen bonding network among the
hydrogels.68 The higher the molar ratio of EDOT to Th, the
lower was the swelling rate, indicating that the existence of
EDOT could increase the crosslink density of hydrogels
(Figures S7 and S8). These findings can be supported by FT-
IR and SEM studies; the experimental evidences point out that
the intermolecular hydrogen bond between oxygen atoms of
the EDOT and the amino groups of the AAm units may play
an important role in regulating mechanical and swelling
behaviors of hydrogels (Figures 3,4 and S8). Additionally,
when the shear strength tests of the P(EDOT-co-Th)
copolymer-containing hydrogels were studied, it was found
that the P(EDOT-co-Th) copolymers with molar ratios of 9:1
and 7:3 have better adhesion abilities than others (Figure S9).
From the abovementioned analysis, it was found that a
hydrogel containing a P(EDOT-co-Th) copolymer with a 7:3
molar ratio has optimal mechanical strength, elongation break,
and adhesion performance.
Electrical Properties of Hydrogels. Considering for the

flexible electronics applications, the electrical properties of the
P(EDOT-co-Th) copolymer-containing hydrogels were also
measured. Figure 6 presents the impedance spectra of
hydrogels; the resistance values of hydrogels containing the

P(EDOT-co-Th) copolymers with molar ratios of 9:1, 7:3, 5:5,
3:7, and 1:9 were 80, 85, 104, 127, and 159 Ω, respectively.
The corresponding calculated conductivities were 3.8 × 103,
3.6 × 103, 2.9 × 103, 2.4 × 103, and 1.9 × 103 μS/cm,
indicating that the more amount of EDOT could be helpful for
better electrical conductivity.47−50 Since hydrogels containing
9:1 and 7:3 molar ratio of the P(EDOT-co-Th) copolymers
exhibited superior electrical properties, the response of
stretched gels was investigated using the light-emitting diodes
(LEDs). As shown in Figure 7, the LED brightness slightly
decreased as the gel was stretched. Notably, a hydrogel
containing a copolymer with a 7:3 molar ratio has a larger
elongation than that with a molar ratio of 9:1, which is
consistent with the observation of the tensile stress−strain
experiment (Figure 5). Moreover, the LED lamps displaying
the word of CYCU were also confirmed; both gels can light up
the LED lamps successfully.
Substrate’s Support and Adhesion. By comprehensively

evaluating the mechanical, adhesion, and electrical properties
as well as the cost of material use, the hydrogel incorporated
with a 7:3 molar ratio P(EDOT-co-Th) copolymer was an
optimal formulation to take on for further testing. As can be
seen from Figure 8a,b, the strength of hydrogel was good
enough to support stainless steel weight under different
elongations. Since the hydrogel exhibited good adhesiveness
(Figure S5), the adherence of material to different substrates
was also studied. As displayed in Figure 8c−f, the hydrogel
could adhere to plastic, glass, rubber, and stainless steel weight.
Furthermore, the hydrogel has good adhesion before and after
bending the finger (Figure 8g,h). The proposed adhesion
mechanisms of hydrogels with various substrates are shown in
Figure S8. These results demonstrated that the hydrogel
incorporated with a 7:3 molar ratio P(EDOT-co-Th)
copolymer might have the potential to use in the development
of artificial electronic skin.
Conductive Hydrogel Strain Sensor. To evaluate the

potential application of the hydrogel as a strain sensor,69,70 the
hydrogel incorporated with a 7:3 molar ratio P(EDOT-co-Th)
copolymer was integrated with the finger and it recorded the
change in resistance of the strain sensor during finger activities.
As illustrated in Figure 9a, the resistance of the sensor
responds quickly and repeatedly as the index finger was
stretched and bent, suggesting that the fabricated strain sensor
exhibits good sensitivity. Furthermore, the index finger was
stretched for 1 s and bent for 1, 3, and 5 s, respectively, for five
times each, and the performance of the strain sensor was

Figure 5. Tensile stress−strain curves of hydrogels in the absence of
the P(EDOT-co-Th) (black) and incorporated with P(EDOT-co-Th)
copolymers, with the molar ratios of 9:1 (red), 7:3 (blue), 5:5 (olive),
3:7 (orange), and 1:9 (magenta).

Figure 6. Nyquist impedance spectra of hydrogels containing the
P(EDOT-co-Th) copolymers, with the molar ratios of 9:1 (red), 7:3
(blue), 5:5 (olive), 3:7 (orange), and 1:9 (magenta).
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further evaluated (Figure 9b). Since the hydrogel incorporated
with a 7:3 molar ratio P(EDOT-co-Th) copolymer has good
elongation properties, the hydrogel with different tensile strains
(100−500%) was investigated. As can be seen from Figure 9c,
the electrical signal could be recorded stably when the
hydrogel was at 100, 300, and 500% strain, and during the
release process, the electrical signal intensity at the
corresponding strain remained almost constant. Then, the
cyclic tensile property of the hydrogel was also measured and

demonstrated that it exhibits good fatigue resistance character-
istics (Figure S10).

■ CONCLUSIONS
In this work, a series of P(EDOT-co-Th) copolymers have
been prepared by varying the molar ratios of EDOT to Th.
These copolymers serve as conductive additives and are
incorporated into hydrogels to achieve the conductive and
stretchable gels. It was found that the mechanical strength,

Figure 7. (a,b) LED brightness changes under different elongations (0% and ca. 250%) and (c) LED lamps display the word of CYCU of the
hydrogel incorporated with a 9:1 molar ratio P(EDOT-co-Th) copolymer. (d,e) LED brightness changes under different elongations (0 and 300%)
and (f) LED lamps display the word of CYCU of the hydrogel incorporated with a 7:3 molar ratio P(EDOT-co-Th) copolymer.

Figure 8. Performance of the hydrogel samples (incorporated with a 7:3 molar ratio P(EDOT-co-Th) copolymer). (a,b) Support the stainless steel
weight under different elongations. Photographs of the hydrogel adhering to different substrates, including (c) plastic, (d) glass, (e) rubber, and (f)
stainless steel weight. (g,h) Photographs of hydrogel adherence to the gloves before and after bending the finger.
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adhesion ability, and conductivity of hydrogels were highly
dependent on the molar ratio of EDOT to Th. The more the
EDOT, the stronger the tensile strength and the greater
conductivity, but the lower the elongation break tends to be.
From the FT-IR spectra, SEM images, tensile stress−strain
curves, shear strength tests, Nyquist impedance spectra, and
cost of material use, the hydrogel incorporated with a 7:3
molar ratio P(EDOT-co-Th) copolymer was an optimal
formulation for soft electronic devices.

■ EXPERIMENTAL SECTION
Materials. Acrylamide (AAm) and MBAA were obtained

from Acros Organics. Thiophene and iron (III) chloride
anhydrous (FeCl3) were purchased from Alfa Aesar. 4-
Formylbenzoic acid, 4-(dimethylamino)pyridine (DMAP),
N,N′-dicyclohexylcarbodiimide (DCC), and KPS were ob-
tained from Sigma-Aldrich. 3,4-Ethylenedioxythiophene
(EDOT) was obtained from Tokyo Chemical Industry.
Dialdehyde-functionalized poly(ethylene glycol) (DF-PEG)
and the P(EDOT-co-Th) copolymers were synthesized
according to literature procedures.7,51,52 Briefly, DF-PEG was
synthesized by the reaction of 4-formylbenzoic acid (1.33 g,
8.83 mmol), PEG (3.00 g, 1.5 mmol), DMAP (0.11 g, 0.90
mmol), and DCC (1.86 g, 9.00 mmol) at room temperature
and precipitated with diethyl ether. P(EDOT-co-Th) copoly-
mers, for example, the molar ratio of EDOT/Th = 9:1, was
prepared by the reaction mixtures of EDOT (0.95 mL, 9.00
mmol), Th (0.08 mL, 1.00 mmol), and FeCl3 (8.11 g, 50.0
mmol in 12.5 mL of dried CH3CN) in CH2Cl2 (25 mL) under
a nitrogen atmosphere and reaction for 24 h. P(EDOT-co-Th)
copolymers (EDOT: Th = 7:3, 5:5, 3:7 and 1:9) with different
molar ratios were synthesized accordingly.
Preparation of Hydrogels. AAm (1.13 g) was dissolved

in 2.5 mL of deionized water, and then MBAA (2.50 mg) and
DF-PEG (50.00 mg) were added in the reaction mixture. After
stirring for 5 min at room temperature, KPS (3.75 mg) was
added and the resultant homogeneous solution was heated to
70 °C for 2 h to obtain the control hydrogel. The conductive
hydrogels were prepared in a manner similar to that described
above, except an additional 5.00 mg of P(EDOT-co-Th)
copolymers (molar ratio of EDOT/Th were 9:1, 7:3, 5:5, 3:7,
and 1:9, respectively) was added to the resultant homogeneous
solution to furnish a series of black hydrogels.
Measurements. The thermal stabilities and particle sizes of

polymers were determined by TGA (DuPont TA Q50) and
DLS (Brookhaven 90 Plus-Zeta), respectively. FT-IR (Thermo
Fisher Scientific Nicolet iS5) was used to characterize the
molecular features and intermolecular forces of the copolymers

and hydrogels, respectively. The morphologies of hydrogels
were carried out using the SEM (JSM-7600F), and the
hydrogel samples were prepared according to our previous
report.8 The rheological measurements of the hydrogels were
achieved by a TA rheometer (DHR-1) with a parallel plate
setup (diameter of 20 mm and a gap of 1 mm). The
mechanical experiments were recorded on a tensile tester
(Gotech AI-3000-U). The adhesion strength of the hydrogels
was measured by the lap shear test and calculated according to
the eq 1

lap shear strength (Pa)

maximum loading force (N)/bonging area (m )2= (1)

The electrochemical workstation (CHI627E) was used to
obtain the electrochemical measurement data of the con-
ductive hydrogels. The sample was fabricated by assembling
the conductive hydrogel sheet (the thickness was 0.3 mm) in
the middle of two indium tin oxide (ITO) glass substrates. The
conductivity (σ, μS/cm) was calculated using the eq 2

L R A/( )= × (2)

where L, R, and A represent the thickness, the resistance, and
the cross-sectional area of hydrogels, respectively.

Swelling tests were performed according to the literature
method;68 the equilibrium swelling ratio was calculated using
eq 3

W W
W

swelling ratio (%) 100w 0

0
= ×

(3)

where W0 and Ww represent the weight of hydrogels before and
after swelling in distilled water, respectively.
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